We have constructed a versatile current to voltage (I-V ) converter operating at liquid helium temperature, using a commercially available all-CMOS OPamp. It is valuable for cryogenic measurements of electrical current of nano-pico amperes, for example, in scanning probe microscopy. The I-V converter is thermally linked to liquid helium bath and self-heated up to 10.7 K. We have confirmed its capability of a transimpedance gain of 10 6 V/A and a bandwidth from DC to 200 kHz. In order to test the practical use for a frequency-modulation atomic force microscope, we have measured the resonance frequency shift of a quartz tuning fork at 32 kHz. In the operation of the I-V converter close to the sensor at liquid helium temperature, the signal-to-noise ratio has been improved to a factor of 13.6 compared to the operation at room temperature.
Introduction
In cryogenic measurements, there must be long wires to connect a sensor in a cryostat to external equipments. The coupling capacitance between these wires causes pickup noise, which degrades the signal quality. For the sensor with high impedance, they cause quite a large RC time constant to limit the sampling rate. They are unacceptable for measurements of a small signal, for example, in scanning probe microscopes (SPMs). To minimize these capacitive coupling effects, it is required to install a cold preamplifier as close to the sensor in the cryostat as possible [1] .
However, electronic components to be used for such a cold preamplifier are limited. Metaloxide-semiconductor field-effect-transistors (MOSFETs) have been used commonly at 4.2 K. On the other hand, the bipolar transistor is unsuitable for use at low temperatures because of the minority of carriers [2] . Most of the commercially available operational amplifiers (OPamps) have bipolar transistor components, hence they may fail to operate at 4.2 K. Nevertheless, if OPamps could operate at low temperatures, the preamplifier with high gains will be constructed easily. Performance of a commercially available all-CMOS OPamp at liquid helium temperature has been reported [3] .
In this paper, we have constructed a cold preamplifier by use of the all-CMOS OPamp ICL7611 (manufactured by Intersil), and investigated its characteristics. In addition, we have tested the application to a frequency-modulation atomic force microscope (FM-AFM).
The AFM is one of the major techniques to achieve informations of material surfaces in nanometer scale, and a low temperature AFM can be a useful tool to investigate quantum phenomena on sample surfaces. It is well established that quartz tuning forks (QTFs) can be used as a cantilever for the force sensor of AFMs [4] . In FM-AFM technique, the resonance frequency of the cantilever shifts when the force between the sample surface and the tip. Therefore, the reduction of the noise in the frequency shift ∆f is important for improving the sensitivity of AFMs. According to the communication theory, the input noise is the source of the noise in the output of the FM demodulator [5] . The spectrum of the output noise n out is related to the input noise power density P in by n out ∝ √ P in [6] . It indicates that the noise in the ∆f signal decreases by decreasing P in , hence it is valid for improving the quality of the ∆f signal to install the preamplifier close to the QTF. As a result, the noise level has been significantly lowered.
Experimental
In order to examine the low temperature characteristics, we employ a current to voltage (I-V ) circuit using the OPamp ICL7611 shown in Fig. 1 (a) . The feedback resistance R f and the phase compensation capacitor C f are 1 MΩ and 4 pF, respectively. The input current (300 nA p−p ) is produced by a function generator with R i = 1 MΩ. The R i is connected to the OPamp with a coaxial cable whose length D is 150 cm. The output signal is accumulated with a lock-in amplifier in the frequency range between 1 Hz and 1 MHz. In order to immerse the OPamp in liquid nitrogen or in liquid helium, the preamplifier is mounted on the edge of a CuNi tube in which the signal lines are threaded through. The temperature is monitored with a carbon-ceramic sensor attached to the OPamp.
In order to operate ICL7611 properly at liquid helium temperature, it is necessary to follow special operating procedures. These procedures include the use of supply voltages up to ±13 V. By supplying the voltages over the absolute maximum rating 18 V, there is a risk that OPamp fails to operate. However, most of the failures are thermally activated (overheating), therefore the lower temperature allows safe operation in spite of the supply voltages over the absolute maximum rating [3] .
The supply voltages are maintained ±5 V in ambient and in liquid nitrogen. In liquid helium, first the supply voltages have been raised to ±13 V to start up, resulting in the temperature rising from 4.2 K to 15.2 K. Then the voltages have been slowly lowered to ±11.5 V, where the temperature is kept at 10.0 K. The preamplifier fails to operate when the voltages are below ±11.5 V. Fig. 1 (b) shows the test circuit for measuring the noise spectrum of a ICL7611 in application The schematic diagram of the system to measure the noise spectra in application to an AFM. The quartz tuning fork (QTF) is oscillated at its resonance frequency by positive feedback [7] . to an AFM using QTF. A QTF is oscillated at its resonance frequency by positive feedback [7] . We use a commercial loop circuit including a FM demodulator (easyPLL plus, Nanosurf), and use a 4th-order filter (3627, NF corporation) as the 33 kHz band-pass filter (BPF) and the 200 Hz low-pass filter (LPF). The ∆f signal from the FM demodulator through the 200 Hz low pass filter and the A/D converter is analyzed on a personal computer by a fast Fourier transform (FFT) program. The QTF is located in a helium gas chamber, thermally linked with liquid helium. The resonance frequency of the QTF is ∼ 32768 Hz at room temperature, and ∼ 32712 Hz at 4.2 K. We measure the noise spectra of the ∆f signal both when the I-V converter is in the chamber and out of the dewar. In the former case, the preamplifier is connected to the QTF directly, and thermally linked to the chamber by copper wires. In the latter case, the preamplifier is connected to the QTF by a coaxial cable, which is 200 cm long. The supply voltages on the operation at room temperature is ±5 V. The operations at low temperature are done similarly to that mentioned above. The preamplifier has been self-heated from 4.2 K to 10.7 K, then the supply voltages keep ±11.5 V. It has been noted that the temperature rises over 30 K in the operation in the vacuum chamber.
Results and Discussion
Bode plots are shown in Fig. 2 (a) and (b) . The transimpedance gain achieved at both 299.9 K and 77. The noise spectra in the ∆f signal is shown in Fig. 2 (c) . The dashed curve is the data when the preamplifier is located out of the dewar at room temperature (D = 200 cm). The solid curve is the data when the preamplifier is located in the cryostat at liquid helium temperature (D = 5 cm). The noise density of the operation close to the QTF is significantly reduced compared to the operation with D = 200 cm. The noise level with a bandwidth 200 Hz in the operation at room temperature and 10.7 K are 467 and 127 mHz, respectively. The signal-tonoise ratio is improved to a factor of 13.6. Sharp peaks at 50 Hz appears both curves in Fig. 2 (c), which are attributed to the A/D converter.
Conclusion
We have constructed a low temperature current to voltage (I-V ) converter using a commercially available all-CMOS OPamp, and confirmed its proper operation with a transimpedance gain of 10 6 V/A and a bandwidth of 200 kHz from 300 K to 10.0 K. In addition, in the application to AFM, it has achieved the significant improvement on S/N. It will be of great use to not only the use for AFM, but also other measurements with small currents.
